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Abstract

Angler trip success and catch rates are dependent upon a fishes’ vulnerability to angling.
Angling vulnerability can be influenced by angler-specific attributes (i.e., bait choice, lure
size, use of a guide), and individual fish traits (i.e., boldness, aggression, stress responsive-
ness, and memory retention). The mechanisms that function in a fishes’ angling vulnerabil-
ity, and contribute to catch rate, are likely correlated with environmental factors however,
the influence of environmental factors on angling vulnerability are not well understood. We
used the long-term (1946 —present) compulsory creel dataset from Escanaba Lake, WI,
USA to test for interactions between angling vulnerability (i.e., angler trip success and catch
rates) and environmental factors to better understand these dynamics in recreational fisher-
ies. Our objective was to test for the influence of angler associated variables and environ-
mental factors on open water angler trip success (i.e., catch > one fish) and catch rate of
walleye Sander vitreus and muskellunge Esox masquinongy during 2003—2015 using a hur-
dle model approach. Fishing trip success and catch rates for both species were most
strongly influenced by angler-related variables (i.e., guide status, bait type, the proportion of
the fish population previously caught). Environmental factors associated with lower light
intensity (i.e., diel period, mean daily solar radiation, solar-Julian day interaction) had a posi-
tive influence on walleye vulnerability. Lower air temperatures and lunar position (moon
overhead or underfoot) and phase (gibbous’ and full moon) also had a positive effect on
walleye angling. Muskellunge trip success and catch rate were positively influenced by light
metrics (i.e., diel period and mean daily solar radiation) and increased with air temperature.
Lunar variables (position and phase), as well as wind speed and direction also influenced
muskellunge angling vulnerability. A better understanding of the influence of environmental
factors on angling vulnerability is an important component of fisheries management as man-
agement goals focus on balancing fish populations and creating satisfactory catch rates to
enhance the angling experience. Our results suggest that angler-specific variables, light,
temperature, lunar, and weather conditions influenced species-specific angling vulnerability
for walleye and muskellunge.
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Introduction

Recreational fisheries are embedded within complex social-ecological systems [1,2]. Simulta-
neously, fisheries are dependent on anglers and the angling sector to support conservation
and management [3,4]. Accordingly, a better understanding of the influence of environmen-
tal factors on angling vulnerability is an important component of fisheries management [5-
7] as management goals focus on balancing fish populations, creating satisfactory catch rates
to enhance the angling experience, and providing opportunities to catch trophy-sized fish
[8,9].

Angler trip success and catch rates are dependent upon a fishes’ vulnerability to angling
gear [10] and often decline with increased fishing effort [11,12]. Fish angling vulnerability is
described as a function of mechanisms that are influenced by the internal state of the fish,
bait encounter probability, and selectivity of angling gear [10,13]. Angling vulnerability and
catchability of fish is influenced by angler-specific attributes [14] such as bait choice [15,16],
lure size [17-19] and use of a guide [16]. In addition, the decision for an individual fish to
strike, and potentially contribute to a successful catch, is determined by a fishes’ previous
experience and threat perception [12]. Boldness and aggression [20,21], stress responsiveness
[22], and memory retention [10,23-25] are individual traits that influence fish angling
vulnerability.

The mechanisms that function in a fishes’ angling vulnerability, that contribute to
increased catch rates, are also likely correlated with environmental factors [26,27]. Piscivores,
such as walleye Sander vitreus and muskellunge Esox masquinongy, exist at the apex of
aquatic food webs and are believed to exhibit foraging behaviors dependent upon environ-
mental conditions [28]. Walleye exposed to intense light conditions tend to seek physical
shelter [29], but scotopic vision is an advantageous trait that contributes to increased activity
in lower light and turbid conditions [30-33]. Because muskellunge are visual predators, feed-
ing may be enhanced during specific lunar phases due to increased prey detection and vul-
nerability associated with greater lunar illuminance [34,35]. Anglers are cognizant of
potential environmental effects on fish behavior and use this information to increase fishing
success, often exploiting “Solunar” tables that forecast fish feeding times with day and hour
predictions correlated with sun and lunar observations [36,37]. Nevertheless, many environ-
mental factors may influence fish angling vulnerability, and outside of a few angler-specific
factors, light, lunar, and seasonal attributes, most factors are not well understood or studied
[16,36].

Limited information is available on the potential influences of environmental factors on
freshwater angler catch rates and fishing trip success, as most studies are primarily marine-
oriented and focused on lunar effects. Further, a pertinent question regarding which factors
(e.g., angler experience, weather) influenced the ability of anglers to catch fish was identified
in a recent study that surveyed recreational fisheries experts and multiple sectors, such as
industry and government, as an important topic of prospective research [4]. Therefore, we
tested for the interactions between angler trip success and catch rates, fish vulnerability to
angling, and environmental variables to better understand these dynamics in recreational
fisheries. The objective of our study was to quantify the influence of multiple angler associ-
ated and environmental factors on angler trip success and catch rates of walleye and muskel-
lunge using information from the long-term compulsory creel dataset available at Escanaba
Lake, Wisconsin during 2003-2015. The compulsory creel census data available from Esca-
naba Lake (1946 —present) provides an unprecedented opportunity to test for interactions
among anglers, fish, and environmental factors due to its long-term duration on a relatively
large, natural lake.
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Fig 1. The study site, Escanaba Lake, WI, USA. Escanaba Lake is a 119-ha designated research lake located in the Northern
Highland American Legion State Forest of Vilas County, WI (46°03'49.2" N, 89°35'11.7"" W).

https://doi.org/10.1371/journal.pone.0257882.g001

Methods
Study site

Escanaba Lake is a mesotrophic, drainage lake located in the Northern Highland American
Legion State Forest of Vilas County, WI (46°03'49.2"" N, 89°35'11.7"" W; Fig 1, ArcPro 2.6).
The 119-ha lake has a shoreline length of 8.2 km and mean depth of 4.3 m [38]. The shoreline
of Escanaba Lake is undeveloped, with the exception of a research facility and one public boat
launch. At least 24 fish species inhabit Escanaba Lake [38-41]; however, the most targeted spe-
cies of the sport fishery include walleye, muskellunge, yellow perch Perca flavescens, small-
mouth bass Micropterus dolomieu, and northern pike Esox lucius [42].

In 1946, Escanaba Lake was designated a research lake preceding establishment of the Wis-
consin Department of Natural Resources, Northern Highland Fishery Research Area
[(NHFRA); 16]. The Escanaba Lake sport fishery is currently unregulated by length, bag, or
seasonal restrictions on all fish species except walleye, which are currently regulated by a
711-mm minimum length limit and daily bag limit of one fish [16,43]. A compulsory creel cen-
sus is continuously conducted on Escanaba Lake and daily cost-free permits are issued by a
creel clerk upon mandatory angler check-in at the research station. Anglers are required to
return permits at the conclusion of their fishing trip and participate in an interview that
acquires information regarding angler demographics, species-specific directed effort, bait type
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used (live or artificial), guided status (guided or not), and number of fish caught and released
or harvested [16]. The annual fishing season for Escanaba Lake begins at the start of the open
water season (i.e., ice-off in a given year) and closes with the end of the ice-on season the fol-
lowing year. Thus, the annual season for Escanaba Lake encompasses the open water and ice-
covered season for a given yearly transition.

We used the Escanaba Lake long-term compulsory creel dataset to test for environmental
influences on walleye and muskellunge angler catch rates during 2003-2015. We subset the
data to represent only the open-water period—generally coinciding with late April to late
October—due to greater angler effort and the differences in angling gear and strategy used for
open water versus ice fishing [16]. Angler data was summarized by trip (i.e., all anglers in a sin-
gle boat). Catch per unit effort CPUE included the total number of walleye or muskellunge
caught by all anglers per trip divided by effort which was calculated as the sum of total angler
hour(s) per fishing trip. Previous research found that trip specific variables associated with
angler choice, such as bait type (live or artificial) and guide status (guided or not), influenced
the probability of fishing trip success and catch rate of walleye [16]. Thus, these variables were
also included in our analyses for each species to test for differences in fishing trip success and
CPUE that is related to trip-specific angler choice variables. Additional metrics associated with
angler activity included the daily density of trips on Escanaba Lake (i.e., daily total trips/ha).
Angler density was assumed to be positively correlated with environmental variables that may
influence CPUE and trip success. We hypothesized that trip success and CPUE of walleye and
muskellunge would increase with angler density.

Angling vulnerability has been shown to decrease for some species in relation to increased
exposure to angling tactics over time suggesting learning behavior and lure avoidance [27,44-
48]. We hypothesized that similar effects would influence walleye and muskellunge; as a larger
proportion of the population is caught and released over the annual season, catch rates and
angler trip success may decline due to learned avoidance behaviors. For example, Wegener
et al. (2018) found that largemouth bass Micropterus salmoides catch rates declined within a
season under consistent angling effort, whereas a two-month fishery closure treatment
resulted in elevated catch rates after fishery closure and then a decline [49]. Thus, we included
a variable to test for the potential effects of angling exposure and learning which was the pro-
portion of the walleye and muskellunge population that had been caught and released to a
given date in the fishing season (i.e., the cumulative catch of walleye or muskellunge/species
abundance). Walleye and muskellunge abundance were estimated annually during spring on
Escanaba Lake using standardized mark-recapture methods [43,50]. Finally, trip success and
angler CPUE were assumed to relate to population density. We hypothesized that trip success
and CPUE would be positively related to walleye or muskellunge annual density (walleye or
muskellunge/ha).

Environmental factors

Multiple environmental factors have been associated with changes in fish behavior and angling
vulnerability. Behaviors associated with foraging activity, spawning, aggression/territoriality,
or movement patterns (e.g., seasonal or daily home range) can influence encounter probability
with anglers and angling vulnerability (i.e., potential to chase or strike a lure or live bait). Sea-
sonal progression of temperature and light triggers spawning activity in the spring and height-
ens foraging activity in the fall for walleye and muskellunge [16,51]. Higher temperatures
during the summer also increase metabolism and may ultimately influence activity levels sea-
sonally or daily [52]. We hypothesized that factors such as mean hourly air temperature (°C),
and mean daily solar radiation (W/m?) would influence angling vulnerability by influencing

PLOS ONE | https://doi.org/10.1371/journal.pone.0257882 September 30, 2021 4/33


https://doi.org/10.1371/journal.pone.0257882

PLOS ONE Angler & environmental influences on walleye & muskellunge angler catch in Escanaba Lake, Wisconsin 2003—2015

movement range and foraging patterns and ultimately, encounter probability with anglers, as
well as the probability that a fish would strike a lure or live bait. Mean daily solar radiation was
not calculated on a 24-hour time scale, but only included open fishing hours. Solar radiation is
influenced by solar altitude as well as cloud cover. Mean solar radiation was moderately corre-
lated with day of the year (Julian day; r = -0.46), but not strongly with solar elevation (degrees
above the horizon; r = 0.07). Thus, mean daily solar radiation was assumed to represent cloud
cover as well as seasonal or diel differences in solar intensity due to annual changes in sun
position.

Daily environmental factors, such as light availability (i.e., diel periods or cloud cover) and
storm front activity, have also been associated with increased fish activity [20,24,38]. We
hypothesized that walleye angling vulnerability would increase during periods of lower light
intensity due to their low light adaptations and increased foraging activity, while muskellunge
angling vulnerability may be associated with periods of higher light intensity due to increased
prey activity and observed response in movement [26,27,29,53,54]. The factor diel period was
used to represent daily cycles of light intensity, while mean daily solar radiation was assumed
to represent daily changes in cloud cover and light intensity due to sun elevation as previously
described. The diel period for each angling trip was categorized by time of day (dawn, day, or
dusk). The NHFRA designates fishing hours and there is no legal fishing allowed at night; each
day begins at 0400 h and concludes at dark, with transitional closing hours to reflect seasonal
changes in daylight. Trips that occurred during spring (March and April) and fall (October
and November) before 0900 h were classified as ‘dawn’, between 0900 and 1800 h as ‘day’, and
after 1800 h as ‘dusk’. For angling that occurred during summer months (May-September),
fishing trips that occurred before 0800 h were classified as ‘dawn’, between 0800 and 1900 h as
‘day’, and after 1900 h as ‘dusk’.

Storm front activity is often anecdotally associated with changes in angler catch rates. We
hypothesized that storm activity would influence angling vulnerability for walleye and muskel-
lunge by influencing foraging patterns; however, no published information to our knowledge
is available to support this hypothesis. The variables of daily trend in barometric pressure (mil-
libars; mb), total hourly precipitation (cm), mean hourly wind speed (m-s™), and daily resul-
tant wind direction (°360) were used to indicate daily weather patterns associated with front
activity. Barometric pressure is an indicator of atmospheric stability or passing fronts. Baro-
metric pressure (mb) was recorded twice daily (0800 and 1800 h; Central Standard Time
[CST]) at the NHFRA Escanaba Lake Research Station and was used to calculate the daily
change in barometric pressure (mb) for each fishing day (magnitude of change and direction
of trend; positive or negative). Meteorological observations during 2003-2015, except baro-
metric pressure trend, were obtained from the North Temperate Lakes Long-Term Ecological
Research meteorological dataset field site location at Noble F. Lee Municipal airport in Wood-
ruff, WL, which is about 18 km from Escanaba Lake. Total hourly precipitation (cm) was
summed for 5-minute intervals during periods of detectable precipitation. Average hourly
wind speed and daily resultant wind direction were measured at 3 m above ground and aver-
aged from 1-minute samples. Wind direction values were obtained by converting the 1-minute
wind speeds and directions for each hour into a single daily vector. Resultant wind direction is
the direction of this vector and was measured to the nearest degree based on a 360° compass
(360° being from the North, 180° being from the South, 0° representing calm winds).

Lunar phases have been associated with the activity patterns of marine and freshwater
aquatic species and lunar phase and position have been identified as factors influencing catch
rates of muskellunge by anglers and scientists [36,55,56]. Thus, we hypothesized that lunar
phase and lunar position would influence angling vulnerability. The lunar phase that coincided
with each angling trip was obtained via the ‘lunar.phase’ function in R package ‘lunar’ [57] and
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a shift of- 5 from coordinated universal time was applied to represent the appropriate time
zone for Escanaba Lake (CST). We further obtained the time when the moon position was
‘overhead’ (or meridian passing) using www.timeanddate.com for Boulder Junction, Vilas
County, WI that aligned for each day an angling trip occurred. This also allowed the moon
position ‘underfoot’ (i.e., when the moon is on the opposite side of the earth from the study
location) to be determined for each fishing day by the addition of twelve hours to the moon
overhead time. If the ‘overhead’ or ‘underfoot’ designated time occurred within the time frame
of an angling trip, it was specified as such; otherwise, it was denoted as ‘neither’.

Additional variables that could be assumed to influence fish angling vulnerability (e.g.,
Julian day, season, water temperature, and solunar value) were considered, but were found to
be highly correlated with other variables (e.g., air temperature, solar radiation, lunar phase,
and lunar position). Thus, to avoid redundancy, we chose those variables that we thought cate-
gorized the important environmental factors in sufficient detail and with as few variables as
possible.

Statistical analyses

First, we tested for temporal trends, during 2003-2015, for each continuous variable using
simple linear regression (i.e., population density, annual CPUE, the sum total of angler effort
per year, mean effort per trip, total precipitation per year, and mean monthly precipitation) or
a general linear model with month and year as variables (i.e., mean monthly air temperature,
mean monthly solar radiation, and mean monthly wind speed). Linear models were run using
the Im and glm functions as part of the stats package in Program R [58]. Weather related
trends were evaluated using the broader dataset of daily observations available from the North
Temperate Lakes Long-Term Ecological Research meteorological dataset field site location at
Noble F. Lee Municipal airport in Woodruff, WI (i.e., not only those weather observations
associated with angling trips but all daily observations). Non-normally distributed variables
were natural log transformed to meet model assumptions of normality.

Then, all continuous independent variables were centered (mean = 0) and scaled (SD = 1)
prior to model fitting. Data was centered to a mean of zero by subtracting the variable mean
from each variable value and then scaled by dividing the variable values by the centered vari-
able SD [scale function Program R; 58]. We tested for correlation among scaled and centered
independent variables using Pearson correlation coefficient [chart.Correlation function Pro-
gram R; 58, 59]. Variable correlation > 0.8 were considered strongly correlated, and in the
case of strong correlations one of the variable pair would be removed from analysis. We used
hurdle models to test for environmental factors influencing angler trip success and CPUE of
walleye and muskellunge. A hurdle model is a two-part model that is directly suited to handle
zero-inflated datasets [60]. The first part of the model addressed zero-inflation by evaluating
fishing trip success in a binomial format (i.e., catch of at least one target fish indicated a suc-
cessful trip or no catch which indicated and unsuccessful trip). The second component is a
positive truncated model that evaluated CPUE from only successful trips. Catch rate (CPUE)
was natural log transformed and positive truncated models were fit assuming a normal distri-
bution [family Gaussian, glmmTMB function; glmmTMB package; 58, 60]. We used the
‘gelmmTMB’ R package [58,60] to fit the hurdle models for each species where ’year” was
treated as a random effect and all other variables were fixed effects. The full model for each
species included the complete set of candidate variables (i.e., guide + effort + bait + daily trip
density + proportion of the population caught and released + population density + barometric
pressure trend + total precipitation + mean wind speed + resultant wind direction + wind
speed*wind direction + mean solar radiation +lunar phase + lunar position + diel period +
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mean hourly air temperature). We used Akaike’s information criterion (AIC.) model selection
procedures to determine the top model for walleye and muskellunge. Due to the high number
of potential model combinations, we did not conduct an exhaustive selection. Rather, we fit a
series of candidate models following general hypotheses surrounding variable importance
including: a drop-one method where each variable was dropped one at time, a drop variable
group method where similar categories of variables were removed one at a time coinciding
with hypotheses regarding variable types discussed previously in the Methods (i.e., angler
choice metrics, all angler metrics, fish population metrics, lunar metrics, light intensity met-
rics, storm metrics, seasonal metrics), and finally a forward selection process where each vari-
able was successively removed based on least significance in the model summary output until
the null model was reached. Models with delta AIC. (AAIC.) values > 8 were considered to
have little support, while those that had AAIC. < 3 were considered plausible [61,62]. Models
that differed by AAIC. values < 2.0 were considered to be similarly likely [63]. A pseudo
adjusted R” value based on the likelihood ratio of a given model to the null model (random
effect term only) was calculated using the r.squaredLR function from the MuMIn package in
Program R [58,64,65]. A variable importance metric was calculated for each variable by sum-
ming the model weight (w;) for each model in which that variable was included [63]. The top
model for each species and analysis (i.e., trip success and CPUE) were evaluated for significant
outliers and model deviations using QQ-plots and model residual versus predicted values
[simulateResiduals and plotDHARMa functions from the DHARMa package in Program R;
58, 66]. Variable effect sizes Cohen’s d were calculated from the full model using the z_to_d
function from the effectsize package in Program R [67].

Results

Adult walleye and adult muskellunge density did not differ significantly over the duration of
the study, 2003-2015 (Fig 1 in S1 Appendix). Total annual angler effort did not significantly
differ over time for walleye (Fig 2 in S1 Appendix), but significantly declined for muskellunge
(Fy,11 = 8.5, p-value = 0.01; Fig 3 in S1 Appendix). Mean effort per trip (natural log(mean
hours per trip)) significantly increased for walleye and muskellunge from 2003-2015 (walleye
F1 2003 = 6.5, p-value = 0.01; muskellunge F, 5769 = 8.0, p-value = 0.005; Figs 2B and 3B in S1
Appendix). Adult walleye CPUE did not significantly differ over time. However, adult muskel-
lunge CPUE significantly declined during 2003-2015 (F; 5769 = 15.7, p-value < 0.001; Fig 4B in
S1 Appendix). For muskellunge, CPUE for positive catch trips did not significantly differ over
time, but rather there was a decline in trip success observed, with a mean percent trips success-
ful of 21% (+ 6% SD) during 2003-2008 to a mean 15% (+ 2% SD) of trips successful during
2009-2015.

Total annual precipitation and mean daily precipitation did not significantly differ during
2003-2015 (Fig 5 in S1 Appendix). Mean monthly air temperature, mean monthly solar radia-
tion, and mean monthly wind speed did not significantly differ among years during 2003-
2015 (Figs 6-8 in S1 Appendix). There were no strong correlations (r > 0.8) observed between
scaled and centered variables, thus all variables described were included in the full models.

Walleye

Trip success. There was a total of 2005 trips during 2003-2015 that targeted only walleye
on Escanaba Lake, WI, USA. The probability of a successful walleye trip (i.e., catching at
least one walleye) during 2003-2015 was 0.64 (95% CI 0.62-0.66) and ranged from a low
of 0.46 in 2004 to a high of 0.73 in 2007. There were several models that were considered
plausible (AAIC, < 8.0) and the top four models did not differ appreciably from each other
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(AAIC. <2.0; Table 1 in S2 Appendix and Fig 1 in S2 Appendix). Variable importance weight-
ing suggested that all angler metrics (i.e., guide status, bait type, and trip density) were of high
relative importance (i.e., included in all weighted models and having variable weights = 1.0;
Table 1). Guide status and bait type had the highest effect size relative to all other parameters
(Table 1). The effect sizes were considered moderate (guide status) to small (bait type) based
on Cohen’s interpretation [67]. Additional variables with high relative importance (variable
importance weight = 1.0) included the proportion of the walleye population captured,

wind direction, solar radiation, diel period and lunar position. Lunar phase had a similar
importance at 0.99 (Table 1). However, all of these variables had very small effect sizes (< 0.20;
Table 1) [67].

Angler specific variables that influenced walleye trip success included the use of a guide, the
use of live bait, and the density of trips on the lake on a given day. Anglers that used a guide
had a higher predicted odds of success (0.77, 95% CI 0.62-0.87) relative that those that did not
use a guide (0.34 odds of success (95% CI 0.23-0.47). Observed unguided trips on Escanaba
Lake were only 60% successful relative to guided trips which were 91% successful during the
time period (Fig 2A). Anglers that used live bait when fishing for walleye had a predicted odds
of success of 0.58 (95% CI 0.47-0.68) as opposed to those that used artificial bait only, which
had a predicted probability of success of 0.34 (95% CI 0.23-0.47). Observed live bait trips were
66% successful during the time period whereas artificial only trips were 39% successful (Fig
2B). There was a positive relationship between trip density and walleye angler trip success
(Table 1). The odds of a successful walleye trip ranged from 0.26 (95% CI 0.17-0.39) at a den-
sity of 0.008 trip/ha (i.e., the only trip on the lake, minimum observed) to a predicted odds of
success of 0.57 (95% CI 0.40-0.73) at a density of 0.18 trip/ha (i.e., 21 total trips on the lake,
maximum observed; Table 1 and Fig 3A). Observed trip success showed relatively similar suc-
cess rates at low to moderate trip densities (i.e., 1 trip to 11 trips) ranging from 59% to 63%
successful with increases observed in success rates at 12 trips and above (> 0.1 trip/ha), range
66% to 100% (Fig 3A). However, sample size at higher trip densities was limited relative to low
or moderate densities. We hypothesized that walleye may experience learning and lure avoid-
ance as the season progressed and more and more of the individuals in the population were
angled. The proportion of the walleye population that was caught was predicted to have a nega-
tive effect on trip success (Table 1). The predicted odds of a successful trip were 0.49 (95% CI
0.34-0.65) at the start of the season when few to no walleye had yet been angled. The odds of
success declined to 0.17 (95% CI 0.08-0.32) when the proportion captured reached 150%
which would suggest that a high proportion of the population had been angled at least once
and some fish multiple times that year. The effect size was considered very small (Table 1). The
observed trip success was similar across the range of the proportion of the population caught.
Only about half of anglers (56-63%) were successful at the start of the season when few walleye
had yet been angled (0.0-0.1 proportion caught; Fig 3B). Trip success ranged from 64-86%
successful across most of the range of the proportion of the population caught and then
declined at the highest proportions captured (e.g., 42-50% successful at 140%- 150% of the
population angled; Fig 3B).

Environmental factors that influenced walleye trip success were those generally associated
with light intensity (i.e., diel period and solar radiation), as well as wind direction and lunar
variables. We hypothesized that low light conditions would influence walleye behavior and as
such anglers would be more likely to be success at periods of low light (i.e., diel periods of
dawn and dusk, or at lower solar radiation values). The predicted odds of a successful trip was
highest at dusk (0.47, 95% CI 0.33-0.63) followed by dawn (0.34, 95% CI 0.23-0.47), and then
day (0.26, 95% CI 0.18-0.37). Anglers were observed to be about 10-15% more successful
when fishing at dawn and dusk relative to the daytime period (Fig 2C). Mean daily solar
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Table 1. Walleye Sander vitreus full hurdle model parameter results for trip success and positive truncated catch rate data (CPUE) of targeted walleye trips only
from Escanaba Lake, WI during 2003-2015.

Walleye trip success

Variable Variable type | Coefficient (+ SE) | Lower 95% CI | Upper 95% CI | z - value | p - value | Cohen’sd | Variable importance weight
Guide [Yes] angler choice | 1.86 (+ 0.22) 1.43 2.28 8.60 0.000 0.38 1.00
Bait [Live] angler choice | 0.96 (+ 0.18) 0.60 1.32 5.24 0.000 0.23 1.00
Trip density angler 0.24 (+ 0.06) 0.13 0.35 4.27 0.000 0.19 1.00
Proportion caught population -0.29 (£ 0.11) -0.50 -0.07 -2.63 0.009 -0.12 1.00
Walleye density population 0.03 (+ 0.14) -0.25 0.30 0.18 0.855 0.01 0.06
Barometric pressure storm 0.09 (+ 0.06) -0.02 0.20 1.55 0.122 0.07 0.69
Precipitation storm 0.02 (£ 0.04) -0.07 0.11 0.43 0.669 0.02 0.06
Wind speed storm 0.04 (£ 0.06) -0.08 0.17 0.68 0.497 0.03 0.30
Wind direction storm -0.14 (£ 0.05) -0.24 -0.03 -2.55 0.011 -0.11 1.00
Wind interaction storm 0.04 (+ 0.06) -0.08 0.15 0.64 0.525 0.03 0.12
Air temperature seasonal -0.01 (+0.07) -0.14 0.13 -0.10 0.920 0.00 0.06
Solar radiation seasonal/light | -0.13 (+ 0.06) -0.25 -0.01 -2.05 0.041 -0.09 1.00
Diel [Day] light -0.41 (£ 0.15) -0.70 -0.11 -2.72 0.006 -0.12 1.00
Diel [Dusk] light 0.55 (£ 0.24) 0.08 1.02 2.29 0.022 0.10 1.00
Lunar phase [Full] lunar 0.12 (+0.21) -0.30 0.54 0.56 0.578 0.02 0.99
Lunar phase [Last quarter] lunar -0.27 (£ 0.21) -0.67 0.14 -1.29 0.198 -0.06 0.99
Lunar phase [New] lunar 0.2 (+0.20) -0.19 0.60 1.01 0.314 0.04 0.99
Lunar phase [Waning crescent] | lunar 0.2 (+0.20) -0.19 0.59 0.99 0.322 0.04 0.99
Lunar phase [Waning gibbous] | lunar 0.47 (+ 0.20) 0.07 0.86 2.29 0.022 0.10 0.99
Lunar phase [Waxing crescent] | lunar -0.003 (+ 0.21) -0.41 0.40 -0.01 0.988 0.00 0.99
Lunar phase [Waxing gibbous] | lunar 0.52 (£ 0.22) 0.10 0.94 2.41 0.016 0.11 0.99
Lunar position [Overhead] lunar 0.3 (£0.16) -0.02 0.61 1.85 0.064 0.08 1.00
Lunar position [Underfoot] lunar 0.55 (+ 0.17) 0.22 0.88 3.23 0.001 0.14 1.00
Walleye CPUE

Variable Variable type | Coefficient (+ SE) | Lower 95% CI | Upper 95% CI | z - value | p - value | Cohen’sd | Variable importance weight
Guide [Yes] angler choice | 0.07 (£ 0.01) 0.04 0.09 4.56 5.04E-06 | 0.254 1.00
Bait [Live] angler choice | 0.10 (£ 0.03) 0.05 0.16 3.86 1.14E-04 | 0.215 1.00
Trip density angler 0.01 (+ 0.01) 0.00 0.02 1.86 0.063 0.104 0.12
Proportion caught population -0.04 (£ 0.01) -0.06 -0.02 -3.65 0.000 -0.203 1.00
Walleye density population 0.001 (+ 0.02) -0.03 0.04 0.08 0.934 0.005 0.03
Barometric pressure storm 0.001 (£ 0.01) -0.01 0.01 0.12 0.907 0.006 0.02
Precipitation storm 0.004 (£ 0.004) 0.00 0.01 0.89 0.376 0.049 0.04
Wind speed storm -0.002 (+ 0.01) -0.01 0.01 -0.26 0.794 -0.015 0.03
Wind direction storm -0.01 (+0.01) -0.02 0.00 -1.49 0.137 -0.083 0.95
Wind interaction storm -0.003 (+ 0.01) -0.02 0.01 -0.49 0.623 -0.027 0.03
Air temperature seasonal -0.02 (+0.01) -0.04 -0.01 -2.67 0.008 -0.149 1.00
Solar radiation seasonal/light | -0.01 (+ 0.01) -0.02 0.00 -1.30 0.192 -0.073 0.08
Diel [Day] light -0.01 (£ 0.01) -0.04 0.02 -0.47 0.640 -0.026 0.86
Diel [Dusk] light 0.06 (+ 0.02) 0.01 0.10 2.31 0.021 0.129 0.86
Lunar phase [Full] lunar -0.01 (+0.02) -0.05 0.04 -0.19 0.850 -0.011 0.12
Lunar phase [Last quarter] lunar -0.04 (+ 0.03) -0.09 0.01 -1.58 0.114 -0.088 0.12
Lunar phase [New] lunar -0.01 (+0.02) -0.06 0.03 -0.49 0.627 -0.027 0.12
Lunar phase [Waning crescent] | lunar -0.04 (+0.02) -0.08 0.01 -1.62 0.104 -0.091 0.12
Lunar phase [Waning gibbous] | lunar -0.001 (+ 0.02) -0.05 0.04 -0.06 0.953 -0.003 0.12
Lunar phase [Waxing crescent] | lunar -0.02 (£ 0.02) -0.07 0.02 -0.95 0.343 -0.053 0.12

(Continued)
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Table 1. (Continued)

Lunar phase [Waxing gibbous] | lunar -0.02 (+ 0.02) -0.07 0.03 -0.89 0.371 -0.050 0.12
Lunar position [Overhead] lunar -0.04 (£ 0.02) -0.07 0.00 -2.21 0.027 -0.123 0.99
Lunar position [Underfoot] lunar -0.02 (£ 0.02) -0.06 0.01 -1.38 0.167 -0.077 0.99

Walleye Sander vitreus full hurdle model parameter estimates + SE and 95% confidence intervals, z-value, p-value, effect size (Cohen’s d) with 95% confidence intervals,

and variable importance weighting derived from AIC. model selection procedures for trip success and positive truncated catch rate data (CPUE), for targeted walleye

trips only from Escanaba Lake, WI during 2003-2015. Variable type indicates the categorical designation for each variable used in model selection.

https://doi.org/10.1371/journal.pone.0257882.t001

s P9
0
_ 90% _ 90%
= =
= 80% = 80%
3 70% 8 70%
% 60% % 60%
[0) o)
o 50% o 50%
T 40% £ 40%
o)
£ 30% £ 30%
S 20% S 20%
& 10% & 10%
0% 0%
(n=1712) (n = 293) (n = 153) (n =1,852)
No Yes Artificial Live
Guide status Bait type
C 100% D 100%
90% 90%
— -290/ -26% = 0 -27‘7
é 80% . ~§ 80% :
g 70% 8 70%
S 60% S 60%
W 50% a 50%
T 40% £ 40%
£ 30% £ 30% °
S 20% S 20%
& 10% & 10%
0% 0%
(n=416) (n = 1,446) (n = 143) (n=287) (n=262) (n=1,456)
Dawn Day Dusk Overhead Underfoot Neither
Diel period Lunar position

Fig 2. The observed proportion of trips successful for walleye. The observed proportion of trips successful for model variables
guide status (A), bait type used (B), diel period (C) and lunar position (D) on Escanaba Lake, WI, USA. The observed proportion of
trips successful are indicated by the lower, light grey, portion of the column. Unsuccessful trips are indicated by the dark grey, upper
portion of the column. The percent successful or unsuccessful is indicated by the label within each section. The sample size of trips
included in each category is indicated below the bar.

https://doi.org/10.1371/journal.pone.0257882.9002
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Fig 3. The observed proportion of trips successful for walleye. The observed proportion of trips successful for model variables
daily trip density (A) and proportion caught (B) on Escanaba Lake, W1, USA. Continuous variables were binned to present
observed proportion successful. The observed proportion of trips successful are indicated by the lower, light grey, portion of the
column. Unsuccessful trips are indicated by the dark grey, upper portion of the column. The label within each section indicates
the sample size (top number) and the observed percent successful or unsuccessful (bottom number in parentheses).

https://doi.org/10.1371/journal.pone.0257882.9003

radiation had a negative effect on walleye trip success. An angler’s odds of success were 0.44
(95% CI 0.28-0.58) at the lowest observed solar radiation 3 W/m? declining to a predicted 0.26
(95% CI 0.14-0.41) probability of success at 570 W/m? the maximum solar radiation value.
The observed percent of successful trips tended to increase with decreasing solar intensity
from about 42% successful at 425 W/m? to 77% successful at 50 W/m?> (Fig 4A). However,
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Fig 4. The observed proportion of trips successful for walleye. The observed proportion of trips successful for model
varjables mean daily solar radiation (W/m? A) and daily peak wind direction (°360; B) on Escanaba Lake, W1, USA.
Continuous variables were binned to present observed proportion successful. The observed proportion of trips successful are
indicated by the lower, light grey, portion of the column. Unsuccessful trips are indicated by the dark grey, upper portion of
the column. The label within each section indicates the sample size (top number) and the observed percent successful or
unsuccessful (bottom number in parentheses).

https://doi.org/10.1371/journal.pone.0257882.9004

sample sizes were low at the highest and lowest ends of the solar intensity values observed (e.g.,
< 25 W/m? and > 450 W/m?).

We hypothesized that wind factors, associated with storms and front activity, may influence
walleye feeding behavior or angler behavior on the lake (e.g., where anglers chose to fish).
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Wind direction had high variable importance but wind speed and the wind speed and direc-
tion interaction did not (Table 1). The top model predicted a negative relationship between
wind direction and the odds of a successful trip (Table 1). The observed data showed relatively
higher trip success when peak wind was from an easterly direction (60°- 100°, range 74-76%).
However, the effect size was considered very small (Cohen’s d < 0.20) and the observed trip
success did not differ greatly across the range of wind direction (Fig 4B).

We hypothesized that lunar variables would influence walleye behavior and thus the proba-
bility of catching a walleye. Lunar position had a high variable importance weight and a small
effect size (Table 1). The odds of a successful trip were predicted to be higher when the moon
was underfoot (0.47, 95% CI 0.33-0.63) or overhead during a trip (0.41, 95% CI 0.28-0.56) rel-
ative to neither lunar passing occurring during a trip (0.34, 95% CI 0.23-0.47). Anglers were
observed to be about 10-12% more likely to be successful when the moon was overhead or
underfoot during their trip rather than when neither lunar event occurred during an angling
event (Fig 2D). Lunar phase also had high variable importance (0.99, Table 1). The odds of a
successful trip were highest during the gibbous phases (waxing gibbous 0.47, 95% CI 0.33-
0.61; waning gibbous 0.45, 95% CI 0.32-0.59) and lowest during the quarter phases (last quar-
ter phase 0.28, 95% CI 0.18-0.41; first quarter phase 0.34, 95% CI 0.23-0.48). The observed
proportion of trips successful did not vary greatly among lunar phases but was relatively higher
(71% successful) during the gibbous phases (Fig 5).

Catch rate. There was a total of 936 positive catch targeted walleye trips during 2003-
2015. Initial model fit using log.(CPUE) showed a deviation from normal (Kolmogorov-Smir-
nov test p-value < 0.05; Fig 2 in S2 Appendix). Additional transformations were tested post-
hoc for the positive truncated CPUE data (e.g., log10, square root, cubed root, Box-Cox trans-
formation and Tukey’s lambda). The Tukey’s lambda power transformation (lambda = 0.02)
provided a distribution closest to a normal transformation (i.e., Shapiro-Wilk normality test p-
value = 0.03). Seven models were plausible (AAIC, < 8.0). The top model provided a more rea-
sonable fit relative to all other plausible models (AAIC, differing by > 2.0; Table 1). The top
model (AAIC, 0.0) included the variables bait type, guide status, proportion of the population
caught, diel period, air temperature, wind direction, and lunar position (Table 2 in S2 Appen-
dix and Table 1). Variable weighting suggested that bait type, guide status, the proportion of
the population caught and mean air temperature were of the highest relative importance (vari-
able weight 1.0), followed by lunar position (variable weight 0.99), wind direction (variable
weight 0.95), and diel period (variable weight 0.86, Table 1). The effect size of guide status, bait
type, and the proportion of the population captured was considered small (Cohen’s d > 2.0
and < 4.0), and the effects of all other variables were classified as very small (Cohen’s d < 2.0;
Table 1) [67].

Walleye CPUE for successful trips was significantly higher when using live bait relative to
artificial bait only. Observed mean CPUE for successful trips was 1.32 walleye/h (95% CI 1.25-
1.42) when using live bait and mean 0.68 walleye/h (95% CI 0.55-0.80) when using artificial
bait (Fig 6A). The top model (after controlling for all other variables) predicted a mean CPUE
for successful trips of 0.84 walleye/h (95% CI 0.78-0.91) when using artificial bait only and a
mean CPUE for successful trips of 0.95 walleye/h (95% CI 0.91-0.99) when using live bait.
Using artificial bait only when fishing for walleye was relatively uncommon. Out of all targeted
walleye trips, there were a total of only 153 trips (7.6%) that used artificial bait only and 1,852
trips that used live bait (92.4%). The use of a guide resulted in a higher mean CPUE for suc-
cessful trips (1.58 walleye/h, 95% CI 1.43-1.77) relative to successful unguided trips (1.22 wall-
eye/h, 95% CI 1.13-1.32) in the observed data (Fig 6B). The top model predicted 0.90 walleye/
h (95% CI 0.83-0.97) for successful guided trips and 0.84 walleye/h (95% CI 0.78-0.91) for suc-
cessful unguided trips. The proportion of the walleye population captured had a negative effect
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on CPUE of successful trips. Walleye CPUE for successful trips was predicted at 0.91 walleye/h
(95% CI 0.84-0.99) early in the season when few to no walleye had yet been angled. It declined
to 0.74 walleye/h (95% CI 0.66-0.83) for successful trips that occurred when approximately
150% of the walleye population angled. Observed data showed similar CPUE for successful
trips across the range of 0.0% to 100% of the population angled but then began to decline after
an estimated 100% of the population had been caught (Fig 7A).

Walleye activity levels change in relation to air temperature as associated with seasonal
behavioral changes (i.e., spring spawning behavior and fall increase in foraging behavior) as
well as metabolic costs associated with foraging [29,30,51,53]. Thus, we hypothesized that
angler catch rates would follow a similar pattern with known walleye activity changes associ-
ated with temperature and be higher at lower temperatures and decline at high temperatures
(i.e., times of potential metabolic stress). Observed walleye CPUE for successful trips was
higher and more variable at lower air temperatures < 10°C and generally declined as air tem-
perature increased (Fig 7B). Predicted mean CPUE for successful trips declined with
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https://doi.org/10.1371/journal.pone.0257882.9006

increasing air temperature, from a mean CPUE 0.91 walleye/h (95% CI 0.84-0.98) at
temperatures < 5°C to a mean of 0.78 walleye/h (95% CI 0.70-0.86) at temperatures > 30°C.
Other environmental variables, including lunar position, wind direction and diel period,
were weighted relatively high however their effect size was considered very small (Table 1).
Similar to our hypotheses regarding light effects on angler trip success, we hypothesized that
angler catch rates would be higher at times of lower light levels. Observed CPUE for successful
trips was highest at dusk (1.47 walleye/h, 95% CI 1.21-1.76) relative to dawn (1.41 walleye/h,
95% CI 1.23-1.63) and day (1.23 walleye/h, 95% CI 1.15-1.33; Fig 6C). Predicted CPUE
for successful trips did not differ much by diel period (predicted mean CPUE dusk 0.90
walleye/h, 95% CI 0.83-0.96; dawn 0.84 walleye/h, 95% CI 0.77-0.90; day 0.84 walleye/h, 95%
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CI0.77-0.90). Solar radiation had low variable importance (Table 1). Thus, light effects were
more apparent on walleye trip success rather than angler catch rate.

We hypothesized that lunar events (i.e., lunar phase and lunar position) would influence
walleye behavior and thus, angler CPUE. Lunar position had relatively high variable impor-
tance but very small effect size (Table 1). Observed mean CPUE for successful trips by lunar
position was highest when the moon was neither overhead nor underfoot (neither 1.35 wall-
eye/h, 95% CI 1.25-1.45; overhead 1.14 walleye/h, 95% CI 0.99-1.31; underfoot 1.18 walleye/h,
95% CI 1.01-1.37; Fig 6D). There was little difference in the mean CPUE for successful trips
among lunar position predicted by the top model (predicted mean CPUE neither 0.84 walleye/
h, 95% CI 0.78-0.91; underfoot 0.80 walleye/h, 95% CI 0.75-0.89; overhead 0.80 walleye/h,
95% CI 0.73-0.87). Lunar phase had low variable importance (Table 1). Thus, lunar effects did
have the same type of influence on CPUE as they appeared to have on walleye angler trip
success.
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We assumed storm and wind related variables would have similar effects on CPUE as they
did on angler trip success. Wind direction had relatively high variable importance all other
wind or storm related variables were of low importance (Table 1). The top model predicted a
negative association between peak wind direction and catch rate (Table 1). However, the pre-
dicted mean CPUE for successful trips varied relatively little across the range of wind direction,
e.g., arange of 0.82-0.84 walleye/h when winds were out of the north and north-west to a
range of 0.85-0.86 walleye/h when winds were out of the south and south-east. The observed
mean CPUE for successful trips was relatively stable across the range of wind direction values
(Fig 7C).

Muskellunge

Trip success. There was a total of 2,771 angling trips that targeted muskellunge only dur-
ing 2003-2015. The probability of a successful muskellunge trip (i.e., catching at least one fish)
during 2003-2015 was 0.18 (95% CI 0.17-0.19) and ranged from a low of 0.12 in 2009 to a
high of 0.32 in 2003. There were eleven models that were considered plausible (AAIC, < 8.0)
and the first six models did not differ appreciably from the top model (AAIC. differed
by < 2.0; Table 3 in S2 Appendix and Table 2). The top model provided an adequate fit with
no significant outliers, deviations or dispersion of the predicated values (Fig 3 in S2 Appendix).
The variables bait type and lunar position had a variable weight of 1.0 (Table 2) meaning they
were the only variables that were included in all weighted models. Other variables with rela-
tively high importance weights included guide status, solar radiation, the proportion of the
population caught, and wind direction (Table 2). All variables effects were considered very
small (Cohen’s d < 0.2; Table 2).

Similar to walleye, angler specific variables that had a high variable weighting included the
use of live bait and the use of a guide (Table 2). However, the relative effect of these variables
were not as strong as those observed for walleye. Anglers that used live bait when fishing for
muskellunge had a higher predicted odds of success 0.20 (95% CI 0.14-0.28) relative to those
using artificial bait (predicted odds of success 0.14, 95% CI 0.10-0.19). Twenty-five percent of
observed trips during 2003-2015 were successful compared to those that used artificial bait
only which were 16% successful (Fig 8A). Twenty-four percent of trips that used a guide when
fishing for muskellunge were successful relative to those that did not use a guide (17% of trips
successful; Fig 8B). Model results predicted that the odds of a successful trip when using a
guide was 0.18 (95% CI 0.13-0.26) relative to 0.14 for non-guided trips (95% CI 0.10-0.19).

We hypothesized that muskellunge may experience learning behavior or lure avoidance
and thus, trip success would be influenced by the cumulative proportion of fish captured each
year. The proportion of the muskellunge population caught had relatively high variable
weighting but the effect size was considered very small (Table 2). The top model predicted a
negative relationship between trip success and the probability of a successful trip (Table 2).
The predicted odds of a successful trip did not differ greatly across the range of the proportion
of the population caught. The predicted odds of a successful muskellunge trip was 0.14 (95%
CI0.09-0.21) early in the season when zero to low numbers of the population had been caught.
Whereas the predicted odds of a successful muskellunge trip was 0.12 (95% CI 0.07-0.20) at
the upper end of the spectrum, 150% of the population had been caught (i.e., each muskellunge
in the population may have been caught at least once or some caught multiple times). Alterna-
tively, the observed data showed a relatively similar trip success rates across most of the range
of the proportion of the population caught (Fig 9A). Observed trip success was relatively
higher at the highest observed proportions of the population caught (38% success at > 160% of
the population captured) however, the sample sizes at this upper range of the data were
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Table 2. Muskellunge Esox masquinongy full hurdle model parameter results for trip success and positive truncated catch rate data (CPUE) for targeted muskel-
lunge trips only from Escanaba Lake, WI during 2003-2015.

Muskellunge trip success

Variable Variable type | Coefficient (+ SE) | Lower 95% CI | Upper 95% CI | z - value | p - value | Cohen’sd | Variable importance weight
Guide [Yes] angler choice | 0.36 (+ 0.14) 0.08 0.64 2.51 0.012 0.10 0.999
Bait [Live] angler choice | 0.41 (£ 0.14) 0.13 0.69 2.88 0.004 0.11 1.000
Trip density angler -0.09 (+ 0.06) -0.21 0.03 -1.48 0.138 -0.06 0.384
Proportion caught population -0.11 (£ 0.07) -0.24 0.03 -1.54 0.123 -0.06 0.957
Muskellunge density population 0.15 (+ 0.10) -0.05 0.34 1.46 0.143 0.06 0.561
Barometric pressure storm 0.06 (+ 0.05) -0.04 0.16 1.15 0.249 0.04 0.120
Precipitation storm 0.01 (+ 0.05) -0.09 0.11 0.17 0.861 0.01 0.015
Wind speed storm 0.03 (£ 0.06) -0.09 0.14 0.37 0.710 0.01 0.055
Wind direction storm -0.08 (+ 0.05) -0.03 0.18 1.44 0.150 0.05 0.877
Wind interaction storm -0.09 (£ 0.05) -0.19 0.01 -1.73 0.084 -0.07 0.055
Air temperature seasonal 0.06 (+ 0.07) -0.07 0.19 0.86 0.390 0.03 0.210
Solar radiation seasonal/light | -0.13 (+ 0.07) -0.26 0.00 -1.98 0.048 -0.08 0.989
Diel [Day] light -0.04 (+ 0.13) -0.30 0.22 -0.31 0.759 -0.01 0.720
Diel [Dusk] light 0.68 (£ 0.37) -1.42 0.05 -1.83 0.068 -0.07 0.720
Lunar phase [Full] lunar 0.19 (+ 0.21) -0.22 0.61 0.91 0.361 0.03 0.001
Lunar phase [Last quarter] lunar 0.25 (+0.21) -0.21 0.60 0.94 0.348 0.04 0.001
Lunar phase [New] lunar 0.02 (+0.21) -0.39 0.43 0.10 0.923 0.00 0.001
Lunar phase [Waning crescent] | lunar 0.19 (+ 0.20) -0.21 0.58 0.93 0.352 0.04 0.001
Lunar phase [Waning gibbous| | lunar 0.25 (+0.21) -0.17 0.67 1.19 0.235 0.05 0.001
Lunar phase [Waxing crescent] | lunar 0.07 (£ 0.21) -0.34 0.47 0.32 0.751 0.01 0.001
Lunar phase [Waxing gibbous] | lunar 0.18 (£ 0.21) -0.24 0.60 0.84 0.399 0.03 0.001
Lunar position [Overhead] lunar 0.43 (£ 0.14) 0.15 0.71 3.02 0.003 0.11 1.000
Lunar position [Underfoot] lunar 0.35 (+ 0.15) 0.05 0.65 2.26 0.024 0.09 1.000
Muskellunge CPUE

Variable Variable type | Coefficient (+ SE) | Lower 95% CI | Upper 95% CI | z - value | p - value | Cohen’sd | Variable importance weight
Guide [Yes] angler choice | -0.01 (+ 0.07) -0.16 0.13 -0.20 0.838 -0.01 0.03
Bait [Live] angler choice | -0.12 (+ 0.07) -0.27 0.02 -1.71 0.088 -0.06 1.00
Trip density angler 0.04 (+ 0.03) -0.02 0.10 1.41 0.158 0.05 0.58
Proportion captured population -0.04 (£ 0.03) -0.10 0.02 -1.22 0.221 -0.05 0.78
Muskellunge density population -0.01 (+ 0.03) -0.06 0.05 -0.32 0.750 -0.01 0.03
Barometric pressure storm 0.01 (£ 0.02) -0.04 0.05 0.36 0.722 0.01 0.03
Precipitation storm 0.06 (+ 0.05) -0.04 0.15 1.14 0.255 0.04 0.20
Wind speed storm -0.06 (+ 0.03) -0.12 -0.01 -2.18 0.029 -0.08 0.93
Wind direction storm -0.04 (£ 0.03) -0.09 0.01 -1.43 0.154 -0.05 0.36
‘Wind interaction storm -0.02 (+ 0.03) -0.07 0.03 -0.69 0.492 -0.03 0.05
Air temperature seasonal 0.04 (+ 0.03) -0.02 0.11 1.26 0.206 0.05 0.97
Solar radiation seasonal/light | 0.03 (+ 0.03) -0.03 0.10 1.04 0.300 0.04 0.11
Diel [Day] light 0.19 (£ 0.07) 0.07 0.32 2.96 0.003 0.11 1.00
Diel [Dusk] light 0.53 (+ 0.20) 0.14 0.93 2.64 0.008 0.10 1.00
Lunar phase [Full] lunar 0.12 (+0.11) -0.10 0.34 1.10 0.270 0.04 0.98
Lunar phase [Last quarter] lunar 0.23 (£ 0.11) 0.02 0.44 2.10 0.036 0.08 0.98
Lunar phase [New] lunar 0.31 (£ 0.11) 0.10 0.52 2.87 0.004 0.11 0.98
Lunar phase [Waning crescent] | lunar 0.17 (+ 0.10) -0.03 0.38 1.66 0.096 0.06 0.98
Lunar phase [Waning gibbous] | lunar 0.36 (+0.11) 0.14 0.59 3.19 0.001 0.12 0.98
Lunar phase [Waxing crescent] | lunar 0.08 (+0.11) -0.12 0.29 0.79 0.432 0.03 0.98

(Continued)
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Table 2. (Continued)

Lunar phase [Waxing gibbous] | lunar 0.25 (£ 0.11) 0.04 0.47 2.28 0.023 0.09 0.98
Lunar position [Overhead] lunar -0.16 (+ 0.07) -0.30 -0.02 -2.18 0.030 -0.08 1.00
Lunar position [Underfoot] lunar -0.39 (+ 0.08) -0.55 -0.23 -4.83 0.000 -0.18 1.00

Muskellunge Esox masquinongy full hurdle model parameter estimates + SE and 95% confidence intervals, z-value, p-value, effect size (Cohen’s d) with 95% confidence

intervals, and variable importance weighting derived from AIC. model selection procedures for trip success and positive truncated catch rate data (CPUE), for targeted

muskellunge trips only from Escanaba Lake, WI during 2003-2015. Variable type indicates the categorical designation for each variable used in model selection.

https://doi.org/10.1371/journal.pone.0257882.t002
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Fig 8. The observed proportion of trips successful for muskellunge. The observed proportion of successful trips for model
variables bait type (A), guide status (B), lunar position (C) on Escanaba Lake, WI, USA. The observed proportion of trips successful
are indicated by the lower, light grey, portion of the column. Unsuccessful trips are indicated by the dark grey, upper portion of the
column. The percent successful or unsuccessful is indicated by the label within each section. The sample size of trips included in each
category is indicated below the bar.

https://doi.org/10.1371/journal.pone.0257882.9008
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https://doi.org/10.1371/journal.pone.0257882.9g009

relatively low compared to the sample sizes available across the rest of the range of this variable
(Fig 9A).

Environmental factors that had the highest variable importance for trip success were lunar
position, mean daily solar radiation, and resultant wind direction (Table 2). We hypothesized
that muskellunge activity levels would be influenced by lunar events which would then be
reflected in angler trip success rates. An angler’s predicted odds of a successful muskellunge
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trip were 0.19 (95% CI 0.13-0.27) when the moon was overhead and 0.18 (95% CI 0.12-0.26)
when the moon was underfoot. When neither lunar event occurred during a trip the odds of
success were 0.13 (95% CI 0.09-0.18). Twenty-three percent of observed trips were successful
when the moon was either overhead or underfoot during a fishing trip on Escanaba Lake rela-
tive to trips that did not encompass either of these lunar transition periods of which 16% were
successful (Fig 8C).

We hypothesized that muskellunge would have a positive association with light variables
due to observed increases in activity associated with changes in prey fish activity during the
day. However, similar to walleye, solar radiation had a negative influence on muskellunge
trip success and diel period had lower relative importance (< 0.75; Table 2). The predicted
odds of a successful trip decreased from a high of 0.17 (95% CI 0.11-0.25) at solar
radiation < 25 W/m?to a predicted odds of success of 0.11 (95% CI 0.07-0.16) at solar
radiation > 450 W/m?. Observed muskellunge trip success was relatively stable across the
range of solar radiation values (e.g.,14-23% of trips were successful at solar values 75-425 W/
m’; Fig 9B). There was a slightly higher success rate observed, 29%, at 25-50 W/m” (Fig 9B).
Sample size was low at the highest and lowest ends of the solar radiation spectrum.

We hypothesized that storm related effects, including wind, would impact muskellunge
activity levels as has been reported anecdotally by anglers. Wind direction had relatively high
variable importance relative to other variables (> 0.85; Table 2). However, its effect size was
very small and no additional wind or storm variables were identified as important. The odds
of a successful muskellunge trip were predicted to increase with increasing wind degree direc-
tion (Table 2). Observed data suggested that trip success was highest (27% of trips successful)
when winds were out of the WNW (280°- 299°; Fig 9C). However, muskellunge trip success
rate did not differ greatly across the range of wind direction.

Catch rate. Total muskellunge catch was low with the majority of successful trips only
catching one fish (83.5%). However, 14.2% of successful trips caught two muskellunge, 1.7%
caught three, and 0.4% four, so multiple catch trips were observed over time. The maximum
number of muskellunge angled in one trip was five, which occurred once over the duration of
the dataset (0.1%). There was a total of 505 successful muskellunge angling trips on Escanaba
Lake during 2003-2015. There were 11 plausible models (AAIC. < 8.0) and there were four
models did not differ appreciably from the top model (AAIC, differed by < 2.0; Table 4 in S2
Appendix). The top model fit reasonably well with no significant outliers, deviations or disper-
sion of the predicted values (Fig 4 in S2 Appendix). Bait type, diel period and lunar position
had the highest variable importance weighting (variable importance weight = 1.0) followed by
lunar phase, air temperature and wind speed (Table 2). All variables effects were considered
very small (Cohen’s d < 0.2; Table 2) [67].

Angler choice of bait type influenced muskellunge CPUE. Opposite of what was observed
for walleye anglers on Escanaba lake, most muskellunge anglers (80%, n = 2213) used artificial
bait only as opposed to live bait (20%, n = 558). The observed mean CPUE for successful trips
using live bait was 0.14 muskellunge/h (95% CI 0.13-0.15) and 0.20 muskellunge/h (95% CI
0.19-0.22) for successful trips using artificial bait only (Fig 10A). Model predicted mean
CPUE did not differ greatly by bait type. Predicted CPUE for success trips was 0.12 (95% CI
0.10-0.15) for artificial bait users and 0.11 (95% CI 0.09-0.13) for live bait users.

Light metric diel period had high variable importance but solar radiation did not (Table 2).
Successful muskellunge fishing trips at dusk were uncommon (4%, n = 103) and there were
only nine successful trips at dusk in the positive truncated dataset used in the model. Observed
mean muskellunge CPUE for successful dawn trips was 0.15 muskellunge/h (95% CI 0.13-
0.18, n = 132), successful day trips 0.19 muskellunge/h (95% CI 0.18-0.20, n = 364), and suc-
cessful dusk trips muskellunge/h 0.30 (95% CI 0.20-0.49, n = 9; Fig 10B). The model predicted
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Fig 10. Observed catch rate for positive truncated muskellunge trips in relation to angler and population variables. The
observed catch rate (CPUE) from positive truncated catch trips for model variables bait type (A), diel period (B) and lunar position

(C) on Escanaba Lake, WI, USA. Trends in the observed catch rate for continuous variables are indicated with box plots and jittered
points. Box plots represent the median catch rate (middle bar) and upper and lower quartiles (boundaries of the box).

https://doi.org/10.1371/journal.pone.0257882.9010

a similar relationship with predicted mean CPUE of 0.12 muskellunge/h (95% CI 0.10-0.15)
for successful trips at dawn, 0.15 muskellunge/h for successful trips at daytime (95% CI 0.12-
0.17), and 0.21 muskellunge/h for successful trips at dusk (95% CI 0.14-0.31; Fig 10B).

Both lunar variables, position and phase, had high variable importance (Table 2). Lunar
position was included in all weighted models but had very low effect size (Table 2). Observed
mean CPUE for successful muskellunge trips was highest when neither lunar event occurred
during a fishing trip, 0.20 muskellunge/h (95% CI 0.19-0.22, n = 324; Fig 10C). By compari-
son, the observed mean CPUE for successful trips when the moon was in the overhead position
was 0.17 muskellunge/h (95% CI 0.14-0.19, n = 101) and the observed mean CPUE for
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successful trips in the underfoot position was 0.12 muskellunge/h (95% CI 0.11-014, n = 80;
Fig 10C). Predicted results followed a similar pattern whereby predicted mean CPUE for suc-
cessful trips was 0.12 muskellunge/h (95% CI 0.10-0.15) when neither lunar passing event
occurred during the trip, relative to 0.11 muskellunge/h (95% CI 0.08-0.13) and 0.08 muskel-
lunge/h (95% CI 0.06-0.10) for successful trips that occurred when the moon was overhead
and underfoot, respectively. Lunar phase also had high relative importance but a low effect size
(Table 2). Observed mean CPUE for successful trips was lowest during the first quarter phase
(mean 0.15 muskellunge/h, 95% CI 0.13-0.18) and the waxing crescent phase (mean 0.16 mus-
kellunge/h, 95% CI 0.14-0.19) following the new moon, and highest for successful trips that
occurred during the waning gibbous and new moon phases, 0.21 muskellunge/h (95% 0.16-
0.24) and 0.20 muskellunge/h (95% CI 0.17-0.24), respectively (Fig 11A). Predicted mean
CPUE for successful trips followed the same pattern and ranged from a low of 0.12 muskel-
lunge/h (95% CI 0.10-0.15) during the first quarter moon to a high of 0.17 muskellunge/h
(95% CI 0.14-0.17) for successful trips that occurred during the waning gibbous phase.

We hypothesize that air temperature would be negatively related to muskellunge CPUE for
successful trips. Specifically, we assumed that CPUE would be higher in the spring and fall in
association with spawning and fall foraging activity and then decline as summer temperatures
limited activity due to physiological stress. However, observed muskellunge CPUE for
successful trips tended to increase with mean daily air temperature and then began to decline
at air temperatures > 29°C (Fig 11B). Predicted CPUE for successful trips ranged from a low
of 0.10 muskellunge/h at temperatures < 5°C and increased to 0.14 muskellunge/h at air
temperatures > 25°C.

Log.(CPUE) of successful trips was negatively related to mean daily wind speed however
the relationship was relatively weak (Table 2). Observed mean CPUE of successful trips
appeared relatively stable ranging between 0.15 muskellunge/h and about 0.20 muskellunge/h
CPUE except for one low CPUE observation at the highest observed wind speed (10 m/s; Fig
11C). Predicted mean CPUE for successful trips ranged from 0.15 muskellunge/h (0.12-0.19)
at relatively calm wind speeds (< 1 m/s) and declined to 0.09 muskellunge/h (95% CI 0.07-
0.13) at the maximum wind speeds observed (> 9 m/s).

Discussion

Walleye and muskellunge are two highly sought-after species with angler tactics and fish vul-
nerability potentially influencing angling trip success and catch rates. Our results demon-
strated that angler choice metrics (i.e., use of a guide or choice of bait), the proportion of the
population that has previously been angled, lunar metrics (i.e., lunar position and phase), light
metrics (i.e., diel period and solar radiation), air temperature and wind metrics (i.e., wind
direction and speed) can contribute to successful walleye and muskellunge angling trips and
higher walleye catch rates in Escanaba Lake. These angler-specific results suggest angling vul-
nerability in individual fish is influenced by a fish’s internal state, encounter probability, envi-
ronmental conditions, and outfitted angling gear. For example, a guide with knowledge and
experience of fish behavior, habitat, and past angling success would likely increase angler
encounter rates, thereby increasing angling vulnerability of walleye and muskellunge. Daily
trip density may increase with favorable environmental conditions and/or catch rates leading
to higher overall catch rates and trip success. Increased trip densities may be related to anglers’
perceptions of best fishing times and conditions. The type of angling gear used would ulti-
mately determine a fish’s decision to strike [10] and establish a successful catch. Since gear is
usually selective for morphological traits [10], our results further provide evidence of increased
angling vulnerability since bait choice contributed to trip success and catch rates of walleye
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Fig 11. Observed catch rate for positive truncated muskellunge trips in relation to angler and population
variables. The observed catch rate (CPUE) from positive truncated catch trips for model variables lunar phase (A),
mean air temperature (°C; B), and mean daily wind speed (m/s; C) on Escanaba Lake, WI, USA. Trends in the
observed catch rate for continuous variables are indicated with box plots and jittered points or for continuous variables
the observed mean catch rates are indicated by the solid black point with error bars + SE. Box plots represent the
median catch rate (middle bar) and upper and lower quartiles (boundaries of the box).
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and muskellunge in Escanaba Lake. However, the effect of bait type differed between species
and may have been influenced in part by sample size. The use of live bait dominated walleye
trips and walleye anglers were found to have higher success and catch rate when using live bait
reflecting the trend that was observed by Bailey et al. (2019) [16]. On the other hand, the use of
artificial bait dominated angler choice for muskellunge anglers. Bait choice had a mixed influ-
ence on muskellunge trips where the use of live bait positively influenced the probability of
catching at least one muskellunge (e.g., trip success), but successful anglers had higher pre-
dicted catch rates when using artificial bait only. The catch of multiple muskellunge on any
given angling trip was low on Escanaba Lake during the study period. Multiple catch trips did
occur but it’s likely that the low occurrence of catch rate > 1.0 and a high proportion of anglers
using artificial only bait for muskellunge could explain the mixed result between bait influence
on trip success versus catch rate. Future research is needed to determine the relative influence
of skewed bait type choices on trips success and catch rates.

In addition to the positive influence of angler tactics on muskellunge trip success, results
also indicated that the proportion of the population caught tended to have a negative effect on
angling vulnerability. Our results indicated that as a larger proportion of the walleye or mus-
kellunge population was caught and released over the season in Escanaba Lake, angler trip suc-
cess and CPUE was predicted to decline. This suggests that greater angling exposure may have
resulted in learned avoidance behavior in both muskellunge and walleye and consequently
contributed to angling vulnerability. The decision for an individual fish to strike, and poten-
tially contribute to a successful catch, is determined by a fishes’ previous experience and threat
perception [12]. Boldness and aggression [20,21], stress responsiveness [22], and memory
retention [10,23-25] influence angling vulnerability. However, it is important to note that in
most cases the observed trip success data did not display a clearly negative trend and similar
trip success rates occurred across a wide range of the proportion of the population caught and
released for both walleye and muskellunge. In this study we were unable to further evaluate the
influence of angler metrics and fish population metrics due to lack of data regarding angler
fishing location, walleye and muskellunge habitat use, individual fish vulnerability, or associa-
tions between prey availability and fish density. Future research could improve upon this
study by considering these factors in association with angler choice metrics and environmental
variables.

The fishing community has often attributed catch rate variations to changes in environ-
mental conditions [26], which are also likely correlated with underlying mechanisms that
function in a fishes’ angling vulnerability [26,27,68]. Quantifying fish vulnerability to angling
requires identifying environmental variation in catch rates, which has rarely been researched
in freshwater recreational angling events [27]. However, our results validate that several spe-
cific environmental factors affect angling trip success and catch rates in walleye and muskel-
lunge suggesting an influence of these factors on vulnerability of fish to recreational angling.
Walleye and muskellunge trip success and CPUE for successful walleye trips on Escanaba Lake
generally increased as light conditions decreased (i.e., decreasing solar radiation and the diel
periods of dawn or dusk relative to daytime). Muskellunge CPUE results on the other hand
had mixed effects with a higher predicted catch rates at dusk and day time relative to dawn.
Fish experience a light environment that varies temporally and spatially [26] with light avail-
ability affecting peak activity and foraging times in many different species [10,27,69,70]. Wall-
eye possess a retina with a tapetum lucidum that allows for scotopic vision and efficient
foraging during low light environments [30] which may increase prey encounters, alter reac-
tivity to fishing gear from reduced water transparency [26], and increase vulnerability to lures
and angling [27]. Muskellunge on the other hand do not possess the same low light adaptations
as walleye [53] and differences in trip success and catch rate may not be related to light
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intensity itself but rather other factors such as prey activity. Prey species such as bluegills Lepo-
mis macrochirus typically feed during diurnal periods [71-73], while yellow perch activity has
been found to be highest during the day [74], simultaneously increasing their vulnerability to
predation and potentially triggering muskellunge movement during this period [54].

Multiple environmental factors related to seasonal changes in environmental conditions
(i.e., air temperature, solar radiation, and diel period) contributed to walleye and muskellunge
trip success and catch rates. Thus, changes in angling vulnerability may be occurring due to
factors associated with spring spawning behavior via spring warming rates and relative
changes in light availability and day length triggers. During spawning activities, individuals
congregate in the littoral zone of the lake and fish may be more active than at other times of
the year cruising the area for suitable habitat and mates [29,30,51,53] making them more vul-
nerable to anglers. Additionally, Escanaba Lake experiences low levels of ice fishing effort in
most years, thus the early spring season after ice-out also coincides with the end of a period of
reduced angling pressure. Fish may potentially display decreased lure avoidance in the spring
relative to the summer or fall seasons when angling effort is higher and more consistent over
time [12,49]. Environmental factors, such as water temperature, control the biological pro-
cesses affecting energy and feeding requirements of a fish [10]. Hunger induced by spawning
metabolic demands and decreased perception from minimal ice fishing pressure may contrib-
ute to increased angling vulnerability during the spring months in Escanaba Lake.

The lunar cycle generates cues recognized by many different species [75] and associated
changes in lunar illumination are believed to have a pronounced effect on predator-prey
dynamics [34,35,76,77]. Our results illustrated that walleye trip success and muskellunge catch
rate on Escanaba Lake was positively influenced by specific lunar phases (i.e., waxing and wan-
ing gibbous, full and new moons). Lunar position (i.e., moon overhead or underfoot) particu-
larly influenced the odds of success when fishing for walleye or muskellunge. Few studies have
documented lunar effects on walleye, with the exception stating that recently hatched walleye
inhabiting rivers increased their drift rates in response to moon stages [30]. Predation is
affected by the optical conditions in aquatic environments [78,79], with environmental condi-
tions affecting the sensory capabilities of predators and prey [77,80-82]. Past studies have
determined that diel, wind, and lunar effects on vertical migrations of zooplankton were likely
driven by food availability, predators, and physiological costs [83-86] and it may be possible
that walleye and muskellunge prey on fish that react and feed on zooplankton during lunar
migrations. However, the observed response to lunar phase and position via illumination as a
mechanism of maximizing foraging effectiveness may inadequately describe walleye and mus-
kellunge responses in Escanaba Lake. The NHFRA designates fishing hours and there is no
legal fishing allowed at night, so in this case lunar illumination would not have a direct effect
on angling trip success. Our study observed only trips that occurred during the daytime and
crepuscular hours, suggesting the potential influence of other phenomena associated with the
lunar cycle rather than lunar illumination. The lunar cycle is an environmental factor that gen-
erates cues recognized by many different species and includes changes not just in light inten-
sity, but also geomagnetism and gravity [75]. Vinson and Angradi (2014) [36] demonstrated
that muskellunge catch increased during new and full moon periods and our results also indi-
cated a lunar phase effect on muskellunge where catch rates were relatively higher after the full
moon and during the new moon. Electromagnetic effects have been found to produce larger
disturbances in solar-terrestrial interactions at higher latitudes [56] and this corresponds with
the Vinson and Angradi (2014) [36] observation of a stronger lunar effect on muskellunge
caught at high latitudes (>48°N; e.g., Escanaba Lake, WI 46°N). Muskellunge possess a well-
developed lateral line system and use somatosensory cues to relay critical information when
pursuing prey [87]; however, it is currently unknown whether muskellunge possess the ability
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to detect geomagnetic changes—particularly electrical phenomena—that occur in response to
lunar variation. Tom Gelb, a longtime muskellunge angler in Vilas County, WI and the sur-
rounding region, kept meticulous records of his fishing trips for decades including catch and
environmental conditions. In his 2012 book, Musky Strategy, Gelb suggested that trophy mus-
kellunge success was higher in the hour before and after moon rise, moonset, and when the
moon was underfoot (e.g., day times during the full moon and night times during the new
moon). Similar to the Gelb (2012) muskellunge observation, trips that experienced a moon
overhead or underfoot occurrence had higher odds of success for both walleye and muskel-
lunge on Escanaba Lake. Our results suggest that lunar cycles (phase and position) have an
influence on muskellunge and walleye angling vulnerability, and while the exact mechanisms
that induce these differences is unknown, it is likely that they are related to geomagnetic or
gravitational influences on behavior rather than lunar illumination alone.

Wind factors affected walleye and muskellunge angling vulnerability on Escanaba Lake. In
particular, wind direction was a highly weighted variable for both walleye and muskellunge
trip success as well as walleye CPUE, while wind speed was a highly weighted variable for mus-
kellunge catch rate. Interestingly, neither model included both wind factors together or the
wind speed-wind direction interaction term. Strong winds or wind fetch induce wave action
and can increase turbidity within an aquatic environment [88], affecting foraging and feeding
activity of many fishes [89] by potentially influencing encounter rates from incurred velocity
differences [90-92]. Since muskellunge are visual predators [53,93], their ability to effectively
detect and capture prey may be optimized on calmer days with reduced turbidity which may
subsequently induce angling vulnerability due to increased encounter rates. Additionally,
anglers may identify wind speed, direction, and the resulting wave action with a change in fish
behavior and choose windward lake areas or identify these as hazardous conditions and move
to leeward areas. Ultimately, we do not record angler catch location or general fishing loca-
tions as part of the NHFRA creel, so we are unable to determine whether wind effects were
influencing muskellunge and walleye vulnerability via changes in fish behavior, angler behav-
ior, or both. Future studies investigating environmental factors and catch rates could improve
upon this research by incorporating more information on angling location in relation to envi-
ronmental factors.

Many anglers have speculated that changes in weather, often those associated with fronts,
affect angling catch for a variety of freshwater fish species. In our study, we found significant
effects of solar radiation, air temperatures, and wind direction on walleye angling (i.e., trip suc-
cess and/or catch rates) and effects of solar radiation, air temperature, wind speed, and wind
direction on muskellunge angling (i.e., trip success and/or catch rates). However, some trends
of these identified significant factors did not align with known weather changes associated
with front activity or storms. For example, muskellunge catch rates were higher on calmer
days. Additionally, large changes in barometric pressure and precipitation are associated with
frontal weather and yet these environmental factors were not highly weighted in any analysis.
Since we did not consider variable interactions within the model framework, we recommend
additional research to determine whether the influence of wind, solar radiation, air tempera-
ture variables are signifying effects of frontal activity or influencing walleye and muskellunge
angling in different ways.

Trip-specific angler variables tended to be the most highly weighted factors influencing trip
success and catch rates for walleye and muskellunge. This suggests that angler knowledge of a
particular species and waterbody (e.g., guides and repeat visitors to the lake) as well as angler
behavior (i.e., amount of effort per trip, bait type choice) had the strongest influence on
whether or not a fishing trip would be successful or multiple fish would be caught in one fish-
ing trip. We did not report correlations between angler-specific variables and environmental
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variables, but it is likely that angler behavior differs in relation to environmental factors. For
example, knowledgeable anglers may be more likely to fish during prime daily periods like
dawn or dusk and prime seasonal periods like spring or fall. Experienced anglers may also be
more likely to spend more time angling per trip (i.e., increased effort) relative to a casual or
novice angler. The summer period tends to attract more tourists to the area, more first-time
visitors to the lake, and more children angling while on summer vacation. Factors such as
angler experience (i.e., age and how many times they have fished Escanaba Lake) may certainly
influence trip success and catch. These experience factors could be more heavily weighted to
summer periods when the highest amount of trips and angling effort occurs, which could
influence the significant environmental effects observed on trip success and catch rates. For
example, skilled anglers that fished during summer vacation may contribute to increased trip
success and catch rates during periods of time with increased mean solar radiation and mean
air temperature. Angler age demographics and residency are included in NHFRA creel permit
information; however, individual angler identification, which would be needed to determine
the number of times an angler has fished the lake, is not currently in the database. Future
research could examine the influence of angler age demographics and angler experience (i.e.,
number of visits to Escanaba Lake) to test whether these factors are correlated with environ-
mental variables and trip success and catch rates.

The results of our study suggest that walleye and muskellunge angling vulnerability is
influenced by multiple environmental factors as well as angler-specific metrics and fish popu-
lation metrics. Generally, walleye anglers have the highest expectations and often associate a
positive fishing experience with greater catch rates [94]. Muskellunge are an elusive, highly
sought-after species that construe a toilsome angling event, thereby stimulating an angler’s
desire to discern specific conditions implicative of increased odds and catch rates [53,93].
Scientific literature testing for the effect of environmental factors on freshwater angler catch
is limited [27,36], but was recently acknowledged as a pertinent recreational fisheries topic in
a study that surveyed experts and stakeholders [4]. Therefore, management goals tend to
focus on balancing fish populations, creating satisfactory catch rates, and providing opportu-
nities to catch trophy-sized fish [8,9]. As such, a better understanding of the influences of
environmental factors on angling vulnerability is an important component of fisheries man-
agement [5-7]. Our results suggest that angler-specific variables, light, temperature, lunar,
and weather conditions influence species-specific angling vulnerability for walleye and mus-
kellunge, which is important information for managers to sustain these fisheries and meet
angler desires.

Supporting information

S1 Appendix. Contains all the supporting figures investigating temporal trends in fish
population and angler variables.
(DOCX)

S$2 Appendix. Contains all the supporting information regarding model fit and variable
effect sizes.
(DOCX)

Acknowledgments

We thank all of the former and current employees and anglers of the Northern Highland Fish-
ery Research Area for providing the data to inform our study.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257882 September 30, 2021 28/33


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257882.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257882.s002
https://doi.org/10.1371/journal.pone.0257882

PLOS ONE Angler & environmental influences on walleye & muskellunge angler catch in Escanaba Lake, Wisconsin 2003—2015

Author Contributions

Conceptualization: Stephanie L. Shaw, Kathryn M. Renik, Greg G. Sass.
Data curation: Stephanie L. Shaw, Kathryn M. Renik, Greg G. Sass.
Formal analysis: Stephanie L. Shaw, Kathryn M. Renik.

Funding acquisition: Greg G. Sass.

Investigation: Stephanie L. Shaw, Kathryn M. Renik.

Methodology: Stephanie L. Shaw, Kathryn M. Renik.

Project administration: Stephanie L. Shaw, Greg G. Sass.

Resources: Greg G. Sass.

Supervision: Stephanie L. Shaw, Greg G. Sass.

Validation: Stephanie L. Shaw, Kathryn M. Renik, Greg G. Sass.
Visualization: Stephanie L. Shaw, Kathryn M. Renik.

Writing - original draft: Stephanie L. Shaw, Kathryn M. Renik.
Writing - review & editing: Stephanie L. Shaw, Kathryn M. Renik, Greg G. Sass.

References

1. Cooke SJ, Schramm HL. Catch-and-release science and its application to conservation and manage-
ment of recreational fisheries. Fish Manag Ecol. 2007; 14:73-9.

2. Solomon CT, Dassow CJ, lwicki C, Jensen OP, Jones SE, Sass GG, et al. 2020. Frontiers in modeling
social-ecological dynamics of recreational fisheries: a review and synthesis. Fish Fish. 2020; 21:973—
991.

3. Cowx IG, Arlinghaus R, Cooke SJ. Harmonizing recreational fisheries and conservation objectives for
aquatic biodiversity in inland waters. J Fish Biol. 2010; 76:2194-2215. https://doi.org/10.1111/j.1095-
8649.2010.02686.x PMID: 20557659

4. Holder PE, Jeanson AL, Lennox RJ, Brownscombe JW, Arlinghaus R, Danylchuk AJ, et al. Preparing
for a changing future in recreational fisheries: 100 research questions for global consideration emerging
from a horizon scan. Rev Fish Biol Fish. 2020; 30:137—151.

5. Serns SL, Kempinger JJ. Relationship of angler exploitation to the size, age, and sex of walleyes in
Escanaba Lake, Wisconsin. Trans Am Fish Soc. 1981; 110:216-220.

6. PostJR, Sullivan M, Cox S, Lester NP, Walters CJ, Parkinson EA, et al. Canadian recreational fisheries:
the invisible collapse? Fisheries. 2002; 27:6-17.

7. VanDeValk AJ, Forney JL, Jackson JR, Rudstam LG, Brooking TE, Krueger SD. Angler catch rates and
catchability of walleyes in Oneida Lake, New York. N Am J Fish Manag. 2005; 24:1441-7.

8. Gilbert SJ, Sass GG. Trends in a northern Wisconsin muskellunge fishery: results from a countywide
angling contest, 1964—2010. Fish Manag Ecol. 2016; 23:172-6.

9. Louison MJ, Suski CD, Stein JA. Largemouth bass use prior experience, but not information from expe-
rienced conspecifics, to avoid capture by anglers. Fish Manag Ecol. 2019; 26:600-610.

10. Lennox RJ, Alés J, Arlinghaus R, Horodysky A, Klefoth T, Monk C, et al. What makes fish vulnerable to
capture by hooks? A conceptual framework and a review of key determinants. Fish Fish. 2017; 18:986—
1010.

11.  Alés J, Puiggrds A, Diaz-Gil C, Palmer M, Rossell6 R, Arlinghaus R. Empirical evidence for species-
specific export of fish naiveté from a no-take marine protected area in a coastal recreational hook and
line fishery. PLoS One. 2015; 10(8):€0135348. https://doi.org/10.1371/journal.pone.0135348 PMID:
26275290

12. Koeck B, Lovén Wallerius M, Arlinghaus R, Johnsson JI. Behavioural adjustment of fish to temporal var-
iation in fishing pressure affects catchability: an experiment with angled trout. Can J Fish Aquat Sci.
2020; 77(1):188—193.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257882 September 30, 2021 29/33


https://doi.org/10.1111/j.1095-8649.2010.02686.x
https://doi.org/10.1111/j.1095-8649.2010.02686.x
http://www.ncbi.nlm.nih.gov/pubmed/20557659
https://doi.org/10.1371/journal.pone.0135348
http://www.ncbi.nlm.nih.gov/pubmed/26275290
https://doi.org/10.1371/journal.pone.0257882

PLOS ONE Angler & environmental influences on walleye & muskellunge angler catch in Escanaba Lake, Wisconsin 2003—2015

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Merciai R, Casadevall M, Villegas-Hernandez H, Lloret J. Twilight activity patterns and angling vulnera-
bility of yellowmouth barracuda (Sphyraena viridensis Cuvier, 1829), a range-expanding thermophilic
fish. J Fish Biol. 2020; 97(2):383-395. https://doi.org/10.1111/jfb.14375 PMID: 32383485

Heermann L, Emmrich M, Heynen M, Dorow M, Konig U, Borcherding J, et al. Explaining recreational
angling catch rates of Eurasian perch, Perca fluviatilis: the role of natural and fishing-related environ-
mental factors. Fish. Manag. Ecol. 2013; 20:187-200.

Alés J, Arlinghaus R, Palmer M, March D, Alvarez |. The influence of type of natural bait on fish catches
and hooking location in a mixed-species marine recreational fishery, with implications for management.
Fish Res. 2009; 97:270-277.

Bailey CT, Noring AM, Shaw SL, Sass GG. Live versus artificial bait influences on walleye (Sander
vitreus) angler effort and catch rates on Escanaba Lake, Wisconsin, 1993-2015. Fish Res. 2019;
219:105330.

Wilde GR, Pope KL, Durham BW. Lure-size restrictions in recreational fisheries. Fisheries. 2003;
28:18-26.

Arlinghaus R, Klefoth T, Kobler A, Cooke SJ. Size-selectivity, capture efficiency, injury, handling time
and determinants of initial hooking mortality of angled northern pike (Esox lucius L.): the influence of
bait type and size. N Am J Fish Manag. 2008; 28:123—134.

Arlinghaus R, Alos J, Pieterek T, Klefoth T. Determinants of angling catch of northern pike (Esox lucius)
as revealed by a controlled whole-lake catch-and-release angling experiment-The role of abiotic and
biotic factors, spatial encounters and lure type. Fish Res. 2017; 186:648-657.

Mezzera M, Largiadér CR. Evidence for selective angling of introduced trout and their hybrids in a
stocked brown trout population. J Fish Biol. 2001; 59(2):287-301.

Klefoth T, Skov C, Kuparinen A, Arlinghaus R. Toward a mechanistic understanding of vulnerability to
hook-and-line fishing: Boldness as the basic target of angling-induced selection. Evol Appl. 2017;
10(10):994—-10086. https://doi.org/10.1111/eva.12504 PMID: 29151855

Louison MJ, Adhikari S, Stein JA, Suski CD. Hormonal responsiveness to stress is negatively associ-
ated with vulnerability to angling capture in fish. J Exp Biol. 2017; 220:2529-2535. https://doi.org/10.
1242/jeb.150730 PMID: 28724703

Brown GE, Smith RJF. Acquired predator recognition in juvenile rainbow trout (Oncorhynchus mykiss):
Conditioning hatchery reared fish to recognize chemical cues of a predator. Can J Fish Aquat Sci.1998;
55:611-617.

Chivers DP, Smith RJF. The role of experience and chemical alarm signaling in predator recognition by
fathead minnows, Pimephales promelas. J Fish Biol. 1994; 44:273-285.

Beukema JJ. Angling experiments with carp (Cyprinus carpio), . Decreasing catchability through one-
trial learning. Neth J Zool. 1970; 20:81-92.

Stoner AW. Effects of environmental variables on fish feeding ecology: implications for the performance
of baited fishing gear and stock assessment. J Fish Biol. 2004; 65:1445-1471.

Kuparinen A, Klefoth T, Arlinghaus R. Abiotic and fishing-related correlates of angling catch rates in
pike (Esox Lucius). Fish Res. 2010; 105:111-7.

Edmunds NB, Bartley TJ, Caskenette A, Laberge F, McCann KS. Relationship between water transpar-
ency and walleye (Sander vitreus) muscle glycolytic potential in northwestern Ontario lakes. Can J Fish
Aquat Sci. 2018; 76:1616—1623.

Ryder RA. Effects of ambient light variations on behavior of yearling subadult, and adult walleyes (Sti-
zostedion vitreum vitreum). J Fish Res Board Can. 1977; 34:1481-1491.

Bozek MA, Baccante DA, Lester NP. Walleye and sauger life history. In: Barton BA, editor. Biology,
management, and culture of walleye and sauger. Bethesda (MD): American Fisheries Society;2011.
p.233-301.

Lester NP, Shuter BJ, Venturelli P, Nadeau D. Life-history plasticity and sustainable exploitation: a the-
ory of growth compensation applied to walleye management. Ecol Appl. 2014; 24(1):38-54. https://doi.
org/10.1890/12-2020.1 PMID: 24640533

Tunney TD, McCann KS, Jarvis L, Lester NP, Shuter BJ. Blinded by the light? Nearshore energy path-

way coupling and relative predator biomass increase with reduced water transparency across lakes.
Oecologia. 2018; 186:1031-1041. https://doi.org/10.1007/s00442-017-4049-3 PMID: 29388026

Hansen GJA, Ahrenstorff TD, Bethke BJ, Dumke JD, Hirsch J, Kovalenko KE, et al. Walleye growth
declines following zebra mussel and Bythotrephes invasion. Biol Invasions. 2020; 22:1481-1495.

Penteriani V, Kuparinen A, del Mar Delgado M, Lourencgo R, Campioni L. Individual status, foraging
effort and need for conspicuousness shape behavioural responses of a predator to moon phases. Anim
Behav. 2011; 82:413-420.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257882 September 30, 2021 30/33


https://doi.org/10.1111/jfb.14375
http://www.ncbi.nlm.nih.gov/pubmed/32383485
https://doi.org/10.1111/eva.12504
http://www.ncbi.nlm.nih.gov/pubmed/29151855
https://doi.org/10.1242/jeb.150730
https://doi.org/10.1242/jeb.150730
http://www.ncbi.nlm.nih.gov/pubmed/28724703
https://doi.org/10.1890/12-2020.1
https://doi.org/10.1890/12-2020.1
http://www.ncbi.nlm.nih.gov/pubmed/24640533
https://doi.org/10.1007/s00442-017-4049-3
http://www.ncbi.nlm.nih.gov/pubmed/29388026
https://doi.org/10.1371/journal.pone.0257882

PLOS ONE Angler & environmental influences on walleye & muskellunge angler catch in Escanaba Lake, Wisconsin 2003—2015

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

Prugh LR, Golden CD. Does moonlight increase predation risk? Meta-analysis reveals divergent
responses of nocturnal mammals to lunar cycles. J Anim Ecol. 2014; 83:504-514. https://doi.org/10.
1111/1365-2656.12148 PMID: 24102189

Vinson MR, Angradi TR. Muskie lunacy: does the lunar cycle influence angler catch of muskellunge
(Esox masquinongy)? PLoS One. 2014; 9(5):e98046. https://doi.org/10.1371/journal.pone.0098046
PMID: 24871329

Knight JA. 1936. Modern angler—including the solunar theory. New York: Charles Scribner's
Sons;1936.

Kempinger JJ, Carline RF. Dynamics of the walleye (Stizostedion vitreum vitreum) population in Esca-
naba Lake, Wisconsin, 1955-72. Can J Fish Aquat Sci. 1977; 34:1800—1811.

Kempinger JJ, Churchill WS, Priegel GR, Christenson LM. Estimate of abundance, harvest and exploi-
tation of the fish population of Escanaba Lake, Wisconsin, 1946—69. Madison (WI):Wisconsin Depart-
ment of Natural Resources Technical Bulletin No. 84. 1975.

Serns SL. Influence of various factors on density and growth of age-0 walleye in Escanaba Lake, Wis-
consin, 1958-1980. Trans Am Fish Soc. 1982; 111:299-306.

Newby JR, Hansen MJ, Newman SP, Edwards CJ. Catchability of walleyes to angling in Escanaba
Lake, Wisconsin, 1980-1995. N Am J Fish Manag. 2000; 20:873—-881.

Sass GG, Dreikosen D, Shaw S, Lorenzoni M, Noring A, Mrnak J, et al. Northern Highland Fishery
Research Area population harvest and monitoring: annual report 2016. Boulder Junction (WI):Wiscon-
sin Department of Natural Resources, Office of Applied Science.

Haglund JM, Isermann DA, Sass GG. Walleye population and fishery responses after elimination of
legal harvest on Escanaba Lake, Wisconsin. N Am J Fish Manag. 2016; 36:1315—-1324.

Cox S. Angling quality, effort response, and exploitation in recreational fisheries: field and modeling
studies of British Columbia rainbow trout (Oncorhynchus mykiss) lakes [doctoral dissertation]. Vancou-
ver:University of British Columbia;2000.

Askey PJ, Richards SA, Post JR, Parkinson EA. Linking angler catch rates and fish learning under
catch-and-release regulations. N Am J Fish Manag. 2006; 26:1020-1029.

Cline TJ, Weidel BC, Kitchell JF, Hodgson JR. Growth response of largemouth bass (Micropterus sal-
moides) to catch-and-release angling: a 27-year mark-recapture study. Can J Fish Aquat Sci. 2012;
69:224-230.

Hessenauer J, Vokoun J, Davis J, Jacobs R, O’Donnell E. Loss of naivety to angling at different rates in
fished and unfished populations of largemouth bass. Trans Am Fish Soc. 2016; 145(5):1068—1076.

Sass GG, Gaeta JW, Allen MS, Suski CD, Shaw SL. Effects of catch-and-release angling on a large-
mouth bass (Micropterus salmoides) population in a north temperate lake, 2001-2005. Fish Res. 2018;
204:95-102.

Wegener MG, Schramm HL, Neal JW, Gerard PD. Effect of fishing effort on catch rate and catchability
of largemouth bass in small impoundments. Fish Manag Ecol. 2018; 25(1):66-76.

Eslinger LD, Dolan DM, Newman SP. Factors affecting recruitment of age-0 muskellunge in Escanaba
Lake, Wisconsin, 1987-2006. N Am J Fish Manag. 2010; 30:908-920.

Raabe JK, Vandehey JA, Zentner D, Cross T, Sass GG. Walleye inland lake habitat: considerations for
successful natural recruitment and stocking in North Central North America. Lake Reserv Manag. 2020;
36(4):335-359.

Hanson PC, Johnson TB, Schindler DE, Kitchell JF. Fish bioenergetics 3.0. Madison, Wisconsin:Uni-
versity of Wisconsin Sea Grant Institution;1997.

Becker GC. Fishes of Wisconsin. Madison (WI): University of Wisconsin Press;1983.

Landsman S. Uncovering secrets of the “Fish of 10,000 Casts”: the physiological ecology and behavior
of muskellunge (Esox masquinongy) [MSc thesis]. Ottawa, Canada:Carleton University;2011.

Cresci A, Durif CM, Paris CM, Thompson CRS, Shema S, Skiftesvik AB, et al. The relationship between
the moon cycle and the orientation of glass eels (Anguilla anguilla) at sea. R Soc Open Sci. 2019;
6:190812. https://doi.org/10.1098/rs0s.190812 PMID: 31824702

Nyqvist D, Durif C, Johnsen MG, De Jong K, Forland TN, Sivle LD. Electric and magnetic senses in
marine animals, and potential behavioral effects of electromagnetic surveys. Mar Environ Res. 2020;
155:104888. https://doi.org/10.1016/j.marenvres.2020.104888 PMID: 32072990

Lazaridis E. lunar: lunar phase and distance, seasons and other environmental factors. R Package ver-
sion 0.1-04. 2014.

R Development Core Team. R: a language and environment for statistical computing. Vienna(Austria):
R Foundation for Statistical Computing. 2020. https://www.R-project.org/.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257882 September 30, 2021 31/33


https://doi.org/10.1111/1365-2656.12148
https://doi.org/10.1111/1365-2656.12148
http://www.ncbi.nlm.nih.gov/pubmed/24102189
https://doi.org/10.1371/journal.pone.0098046
http://www.ncbi.nlm.nih.gov/pubmed/24871329
https://doi.org/10.1098/rsos.190812
http://www.ncbi.nlm.nih.gov/pubmed/31824702
https://doi.org/10.1016/j.marenvres.2020.104888
http://www.ncbi.nlm.nih.gov/pubmed/32072990
https://www.R-project.org/
https://doi.org/10.1371/journal.pone.0257882

PLOS ONE Angler & environmental influences on walleye & muskellunge angler catch in Escanaba Lake, Wisconsin 2003—2015

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

Peterson BG, Carl P. PerformanceAnalytics: Econometric tools for performance and risk analysis. R
package version 2.0.4. 2020. https://CRAN.R-project.org/package=PerformanceAnalytics.

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, et al. Modeling zero-
inflated count data with gimmTMB. bioRxiv. 2017; https://doi.org/10.1101/132753

Royall RM. Statistical evidence: a likelihood paradigm. New York: Chapman and Hall;1997.

Anderson DR. 2008. Model-based inference in the life sciences: a primer on evidence. New York:
Spring Science and Business Media;2008.

Burnham KP, Anderson DR. 2nd ed. 2002. Model selection and multimodel inference: a practical infor-
mation-theoretical approach. New York: Spring;2002.

Nagelkerke NJK. A note on the general definition of the coefficient of determination. Biometrika. 1991;
78:691-692.

Barton K. MuMIn: Multi-model inference. R package version 1.43.17. 2020. https://CRAN.R-project.org/
package=MuMIn.

Hartig F. DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression models. R pack-
age versions 0.3.3.0. 2020. https://CRAN.R-project/package=DHARMa.

Cohen J. Statistical Power Analysis for the Behavioral Sciences. New York,NY: Routledge
Academic;1988.

Keiling TD, Louison MJ, Suski CD. Big, hungry fish get the lure: Size and food availability determine
capture over boldness and exploratory behaviors. Fish Res. 2020; 227:105554.

Reynolds WW, Casterlin ME. Activity rhythms and light intensity preferences of Micropterus salmonids
and M. dolomieui. Trans Am Fish Soc. 1976; 105(3):400-403.

Horodysky AZ, Brill RW, Warrant EJ, Musick JA, Latour RJ. Comparative visual function in four piscivo-
rous fishes inhabiting Chesapeake Bay. J Exp Biol. 2010; 213:1751-1761. https://doi.org/10.1242/jeb.
038117 PMID: 20435826

Keast A, Welsh L. Daily feeding periodicities, food uptake rates, and dietary changes with hour of day in
some lake fishes. Can J Fish Aquat Sci. 1968; 25:1133-1144.

Keast A, Fox MG. Space use and feeding patterns of an offshore fish assemblage in a shallow mesotro-
phic lake. Environ Biol Fishes. 1992; 34:159-170.

Paukert CP, Willis DW, Bouchard MA. Movement, home range, and site fidelity of bluegills in a great
plains lake. N Am J Fish Manag. 2004; 24:154—161.

Radabaugh NB. Seasonal distributions, movements, and habitat use of adult yellow perch in a simple
basin [MSc thesis]. Brookings (SD):South Dakota State University;2006.

Grant RA, Chadwick EA, Halliday T. The lunar cycle: a cue for amphibian reproductive phenology?
Anim Behav. 2009; 78:349-357.

Mougeot F, Bretagnolle V. Predation risk and moonlight avoidance in nocturnal seabirds. J Avian Biol.
2000; 31:376-386.

Fallows C, Fallows M, Hammerschlag N. Effects of lunar phase on predator-prey interactions between
white shark (Carcharodon carcharias) and Cape fur seals (Arctocephalus pusillus pusillus). Environ Biol
Fishes. 2016; 99:805-812.

Vinyard GL, O’Brien WJ. Effects of light and turbidity on the reaction distance of bluegill (Lepomis
macrochirus). Can J Fish Aquat Sci. 1976; 33:2845-9.

Utne-Palm AC. Visual feeding of fish in a turbid environment: physical and behavioural aspects. Mar
Freshw Behav Physiol. 2002; 35(1-2):111-128.

Ellis DV. Animal behaviour and its applications. Chelsea (Ml): Lewis Publishers, Inc.;1986.

Lima SL, Dill LM. Behavioral decisions made under the risk of predation: a review and prospectus. Can
J Zool. 1990; 68(4):619-640.

Martin RA, Hammerschlag N. Marine predator—prey contests: ambush and speed versus vigilance and
agility. Mar Biol Res. 2012; 8(1):90—4.

Benoit-Bird KJ, Au WWL, Wisdom DW. Nocturnal light and lunar cycle effects on diel migration of micro-
nekton. Limnol Oceanogr. 2009; 54(5):1789-1800.

Boltovskoy D, Pedrozo FL, Battistoni P. The effects of wind and diel vertical migrations on the distribu-
tion of freshwater zooplankton. Stud Neotrop Fauna Environ. 1983; 19(3):137-154.

Zaret TM, Suffern JS. Vertical migration in zooplankton as a predator avoidance mechanism. Limnol
Oceanogr. 1976; 21:804—813.

Enright JT. Diurnal vertical migration: adaptive significance and timing. Limnol Oceanogr. 1977;
22:856-886.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257882 September 30, 2021 32/33


https://CRAN.R-project.org/package=PerformanceAnalytics
https://doi.org/10.1101/132753
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project/package=DHARMa
https://doi.org/10.1242/jeb.038117
https://doi.org/10.1242/jeb.038117
http://www.ncbi.nlm.nih.gov/pubmed/20435826
https://doi.org/10.1371/journal.pone.0257882

PLOS ONE Angler & environmental influences on walleye & muskellunge angler catch in Escanaba Lake, Wisconsin 2003—2015

87.

88.

89.

90.

91.

92.

93.

94,

New JG, Fewkes LA, Khan AN. Strike feeding behavior in the muskellunge, Esox Masquinongy: contri-
butions of the lateral line and visual sensory systems. J Exp Biol. 2001; 204:1207—1221. PMID:
11222136

Cozar A, Galvez JA, Hull V, Garcia CM, Loiselle SA. Sediment resuspension by wind in a shallow lake
of Esteros del Ibera” (Argentina): a model based on turbidimetry. Ecol Modell. 2005; 186:63—76.

Nilsson PA, Jacobsen L, Berg S, Skov C. Environmental conditions and intraspecific interference: unex-
pected effects of turbidity on pike (Esox Lucius) foraging. Ethology. 2009; 115:33-8.

Rothschild BJ, Osborn TR. Small-scale turbulence and plankton contact rates. J Plankton Res. 1988;
10:465-474.

MacKenzie BR, Miller TJ, Cyr S, Leggett WC. Evidence for a dome-shaped relationship between turbu-
lence and larval fish ingestion rates. Limnol Oceanogr. 1994; 39:1790-9.

Kigrboe T, Saiz E. Planktivorous feeding in calm and turbulent environments, with emphasis on cope-
pods. Mar Ecol Prog Ser. 1995; 122:135-145.

Oehmcke AA, Johnson L, Klingbiel J, Wistrom W. The Wisconsin muskellunge: its life history, ecology,
and management. Madison (WI): Wisconsin Conservation Department Publication No. 225. 1958.

Spencer PD, Spangler GR. Effect that providing fishing information has on angler expectations and sat-
isfaction. N Am J Fish Manag. 1992; 12(2):379-385.

PLOS ONE | https://doi.org/10.1371/journal.pone.0257882 September 30, 2021 33/33


http://www.ncbi.nlm.nih.gov/pubmed/11222136
https://doi.org/10.1371/journal.pone.0257882

